Two oat varieties, Melys (spring variety) and Bulwark (winter variety) were transformed by particle bombardment of primary embryogenic callus using either a ubi-bar-ubi-gus co-integration vector or co-transformed (Melys) with a ubi-bar plasmid together with one of three plasmids containing the β-glucuronidase (gus) gene under the control of either a rice actin promoter, a CaMV35S promoter or a wheat high molecular weight glutenin promoter. Morphologically normal and fertile transgenic plants were regenerated following callus selection with glufosinate ammonium. Evidence for the integration and functioning of the selectable (bar) and reporter (gus) genes in T o and T 1 plants was confirmed by PCR, Southern hybridisation, fluorescence in situ hybridisation (FISH), histochemical assays, and by progeny analysis. Transformation rates varied from 0.2 to 5.0 lines/plate of callus bombarded, with co-transformation frequencies of 83 to 100 %, and co-expression frequencies of 60 to 100 %. Copy numbers for the bar and gus gene varied from 3 to 17 and from 2 to 20 respectively. Cell and tissue specific expression of the gus gene was evident from the different promoters, with the HMW glutenin promoter showing endosperm specific expression in T 1 seed. No expression of the gus gene under the CaMV35S promoter was detected in any tissues. Progeny analysis provided evidence of Mendelian inheritance of the introduced genes suggesting either one or two unlinked integration sites. This was confirmed by fluorescence in situ hybridisation to chromosome spread preparations. No segregation of the gus gene from the bar gene was observed in any of the progeny derived from co-transformation.
Introduction
Genetic transformation of many of the important cereals is now well established, and is beginning to provide novel * E-mail corresponding author: phillip.morris@bbsrc.ac.uk breeding material in several species. Rice was the first cereal in which stable transformation and fertile transgenic plants was achieved (Toriyama et al. 1988 , Zhang et al. 1988 ), followed by maize (Fromm et al. 1990 , Rhodes et al. 1988 , wheat (Vasil et al. 1992) , oats (Somers et al. 1992) , and barley (Wan and Lemaux 1994) . Successful transformation of oats using microprojectile bombardment with the PDS Helium gun has been reported from embryogenic callus or cell suspensions derived from immature embryos , Somers et al. 1992 a, Torbert et al. 1995 , embryogenic callus from mature embryos (Kaeppler et al. 2000 , highly regenerative cultures from seeds , leaf bases of young oat seedlings (Gless et al. 1998) , and from shoot meristem cultures of oat seedlings (Zhang et al. 1999) . However, transgenic plant production has been restricted to a small number of spring oat genotypes. Varietal specificity of transformation is a severe obstacle to improvement of elite oat varieties, and so far most of the plants produced with reasonably high efficiencies from embryo derived callus cultures were from a non-commercial experimental genotype, GAF/ Park (Torbert et al. 1995 , McGrath et al. 1997 a, c, Koev et al. 1998 , with the exception of a spring variety Belle (Torbert et al. 1998 b) . Other commercial spring varieties have been successfully transformed using shoot meristem cultures (Zhang et al. 1999) , or leaf base segments (Gless et al. 1998) , target tissues which may be more amenable to transformation. However transformation of winter and naked oat varieties has yet to be reported.
The use of genetic manipulation in crop improvement also requires transgenes to be expressed either constitutively or in specific cell or tissue types, and often at specific stages of plant development, and current evidence suggests that it may be necessary to test individual promoters to establish their expression patterns in different species. Although the CaMV35S promoter has been shown to have a relatively low activity in monocot cells compared with other plant promoters , Zhang et al. 1991 , it has been successfully used to drive bar, hpt and nptII gene expression to generate transformed oats , Gless et al. 1998 , Somers et al. 1992 , Torbert et al. 1995 . also reported a constitutive activity of the duplicated 35S promoter (D35S) when driving the gus gene, with high levels of expression in the ovary and floral bracts, but the GUS activity in leaves was relatively weak compared with the activity reported in rice leaves for the single 35S promoter (Battraw and Hall 1990) . Monocot promoters that show naturally high-level constitutive activity, such as the rice actin 1 promoter, allowed the selection and regeneration of hygromycin resistant oats and was shown to be expressed either in leaves and pollen, or to show expression in the anther, ovary and stigma but not in leaves, in different transformation events (Gless et al. 1998) . The maize ubiquitin promoter has also been used to select herbicide resistant oats (Zhang et al. 1999) , and was shown to be active in leaves, anthers, ovary and stigma of gus transformed plants and in all tissues of gfp transformed plants at the time of shoot initiation, rooting, flowering, and seed germination (Kaeppler et al. 2000) . However detailed developmental and cell expression of these promoters has not been reported in oats, and only one tissue specific promoter, the Commelina yellow mottle virus promoter which confers expression in vascular tissues, was tested .
In this paper we compare transformation of primary embryogenic callus of four oat varieties (spring and winter, naked and husked oats) bombarded with a co-integration vector carrying a selectable marker gene (bar) and a reporter gene (gus), and report for the first time the production of transgenic winter oat. We also describe promoter activity in different oat cells and tissues of plants co-transformed with the gus gene under control of a rice actin, maize ubiquitin, CaMV35S or wheat high molecular weight glutenin promoter. Integration of the genes is supported by Southern blot analysis and confirmed by fluorescence in situ hybridisation to chromosome spreads and by progeny analysis.
Materials and Methods

Plant material
Callus was initiated either from immature embryos of Avena sativa var Melys (spring, husked variety), Bullion (spring naked variety), Bulwark (winter husked variety), or Lexicon (winter naked variety), 14 days after anthesis, for co-integration experiments with pAHC25, or from mature embryos of var Melys, for co-transformation experiments.
Immature seeds were sterilised in 1% sodium hypochlorite containing 1 or 2 drops of Triton X-100 for 30 min and rinsed three times with sterile distilled water (SDW). Embryos were excised and placed scutellum down on callus induction medium MS2 (MS salts, 30 g/L sucrose, 2 mg/L 2,4-D, pH 5.6 and solidified with 0.3 % gelrite). Mature seeds were briefly rinsed in 90 % ethanol and surface sterilised in 2 % sodium hypochlorite for 15 min. After three rinses, seeds were soaked overnight in SDW with shaking. Embryos were excised and cultured on MS2D medium (MS salts, 20 g/L sucrose, 150 mg/L asparagine, 0.5 mg/L thiamine, 2 mg/L 2,4-D, 0.3 % gelrite, pH 5.8) as described by Torbert et al. (1998 c) . Immature and mature embryos were cultured in the dark at 25˚C for four weeks and growing shoots and roots were removed regularly. Embryogenic calli were selected, subcultured, and grown for a further two to four weeks before bombardment.
Plasmid constructs
Five plasmids were used to transform oat callus (Fig. 1) . The co-integration vector pAHC25 contains the bar and gus genes both under control of the maize ubiquitin promoter . For co-transformation experiments, the selectable bar gene controlled by the maize ubiquitin promoter and first exon and first intron, which confers resistance to phosphinothricin (PPT), was carried by the plasmid pUBA (Toki et al. 1992) . The three plasmids harbouring the gus gene, encoding β-glucuronidase, were: pACT1-F with gus driven by a partially deleted rice actin promoter with first exon and first intron (McElroy et al. 1990 ), pJIT102 with gus driven by the CaMV35S promoter (supplied by P. Mullineaux, JIC, Norwich, UK), and pJAN808 with gus under the control of a wheat HMW glutenin promoter (provided by Johnathan Napier, IACR-Long Ashton, UK).
DNA preparation
Tungsten particles (Dupont) were coated with either pUBA and pACT1-F in a 1: 3 ratio or with pAHC25. Twenty five microlitres of prewashed particles (60 mg/mL), 20 µL of DNA (1 µg/µL) and 25 µL of 2.5 mol/L CaCl 2 were mixed in a 1.5 mL Eppendorf tube. Twenty microlitres of 0.1 mol/L free-base spermidine were added, vortex mixed for 5 to 10 sec, and centrifuged for 1 min at 13,000 rpm. The supernatant was discarded and the particles resuspended and washed in ethanol. After re-centrifugation and removal of the supernatant, the coated particles were resuspended in 20 µL of SDW and used for one shot. In latter experiments, pUBA was precipitated in a 1 : 3 ratio with pJIT102 or pJAN808 on gold particles. Twenty microlitres of particles (100 mg/mL) (1.5 -3.0 µm diameter, Aldrich), 40 µL of DNA (1 µg/µL), 50 µL of 2.5 mol/L CaCl 2 and 50 µL of 40 % polyethylene glycol 6000 were mixed and 40 µL of 0.1 mol/L free-base spermidine added and the mixture prepared as described above. The DNA-coated particles were resuspended in 20 µL SDW and 10 µL were used per bombardment.
Microprojectile bombardment
Friable embryogenic calli were plated as a 3 cm diameter area on a 5.5 cm diameter Whatman filter paper, and preincubated on a high osmotic medium (MS salts, 30 g/L sucrose, 0.2 mol/L mannitol, 0.2 mol/L sorbitol, 3 mg/L 2,4-D, 0.8 % agar) for one hour prior to bombardment, and post cultured on the same medium for 72 h post bombardment (pAHC25 and pUBA/pACT1-F experiments), or for 4 h before and 16 h after bombardment for pUBA/pJIT102 and pUBA/pJAN808 experiments. Tissues were transformed using a particle inflow gun constructed in house according to the instructions of Finer et al. (1992) . Plates were positioned in the chamber of the gun 10 cm below the filter unit on which the DNA-coated particles were loaded. A 100 µm pore mesh was placed 3 cm above the plate. Calli were bombarded under vacuum (-27 in Hg) with a 50 m s helium pulse under 4 bar pressure. At the end of the osmotic treatment the calli were transferred to MS2 or MS2D medium and allowed to recover for 7 days in the dark at 25˚C.
Selection and regeneration of transformants
Transformed cells were selected on MS2 medium containing 3 mg/L glufosinate ammonium (ammonium salt of PPT, Riedel-de Haën) for ten weeks in the dark, being subcultured onto fresh medium every 14 days. Surviving calli were transferred to MSK medium (MS salts, 30 g/L sucrose, 0.2 mg/L kinetin, 0.8 % agar, pH 5.6) supplemented with 3 mg/L PPT and cultured under fluorescent light (60 µE m -2 s -1 ) at 25˚C. After six weeks, calli that had developed shoots were transferred to rooting medium 1/2 MS (half strength MS salts, 15 g/L sucrose, 0.8 % agar, pH 5.6) without PPT and allow to develop roots. Growing plants were transferred from Petri dishes to Magenta boxes (Sigma) and after six weeks, plantlets were grown for two or three weeks in tubes containing Hoagland solution (Hoagland and Arnon 1950) to stimulate rooting, at 20˚C with an 8 h photoperiod to prevent early flowering. Plantlets were then transferred to soil filled pots and grown in a Containment B glasshouse.
Histochemical GUS and PAT assay
Leaves were sterilised in 10 % sodium hypochlorite for 10 min and rinsed three times with sterile distilled water. For histochemical GUS assays, leaves were cut into 5 mm long segments, vacuum infiltrated with X-gluc solution (0.5 mg/mL X-gluc, 50 mmol/L sodium phosphate buffer) and incubated at 37˚C for 1-3 days with shaking, after which chlorophyll was removed by repeated extraction with 100 % ethanol. The expression of the bar gene was detected using the pH indicator chlorophenol red (CR) assay for PAT activity, adapted from Kramer et al. (1993) . Tests were carried out in 25-well replidishes (Sterilin), each well containing 2 mL of MS medium with 30 g/L sucrose, 2.5 mg/L 2,4-D, 50 mg/L CR, 5 mg/L PPT, solidified with 0.8 % agar pH 6.0. Three 5 mm-long leaf segments were placed in each well and colour changes of the medium observed after culture in the light at 25˚C for 5 to 7 days.
Southern blot analysis
Total genomic DNA was extracted according to Robbins et al. (1991) from PCR positive plants, except that the extraction buffer consisted of 100 mmol/L Tris, 50 mmol/L EDTA, 500 mmol/L NaCl, pH 8.0, the first two centrifugations were carried out at 27,000 g and the final DNA pellet was resuspended in 500 µL TE. Polysaccharides were precipitated in an extra step after the phenol/chloroform extraction, by adjustment of the salt concentration of the extract to 0.25 mol/L with 5 mol/L NaCl and slow addition of 0.35 volumes of 100 % ethanol (Michaels et al. 1994) . DNA (50 µg) was digested in 400 µL of appropriate buffer with excess enzyme overnight at 37˚C. Digested DNA was ethanol precipitated, resuspended in 30 µL TE buffer and quantified spectrophotometrically at 280 nm. 25 µg of each sample was loaded on a 0.8 % agarose gel. DNA was then transferred to a positively charged nylon NA -Not applicable.
membrane (Boehringer Mannheim) according to the manufacturer's instructions. The preparation of the DIG-labelled probes, the hybridisation, washing and detection of the membranes were carried out as described in Dalton et al. (1998) , except that the bar and gus genes were amplified from pUBA and pACT1-F respectively and the prehybridisation and hybridisation were performed at 42˚C. PCR and fluorescence in situ hybridisation (FISH) analysis of the transgenes was carried out as described in Leggett et al. (2000) .
Results
Transformation and co-transformation efficiencies
Embryogenic calli from immature embryos of the spring oat varieties Melys (Fig. 2 A) and Bullion, and the winter oat varieties Bulwark and Lexicon, were bombarded with the single plasmid pAHC25 (carrying the bar and the gus genes both driven by the maize ubiquitin promoter) (Fig. 1) . Transformation of Melys callus with pAHC25 gave rise to 435 regenerated plants. PCR analysis of 18 plants showed only two plants (A40-2, A40-3) contained both the bar and gus genes, and Southern blot analysis showed these to be same transformation event (data not shown). As these cultures had previously shown a large number of stably transformed, GUS expressing, proembryos after 6 weeks selection on PPT medium (Fig. 2 B) , leaves of the 417 remaining regenerated plants were screened for GUS expression and one plant (A78) was found to express gus. The presence of the gus gene was confirmed by PCR, but the bar gene appeared to be absent in this plant (Table 1) . Three plants were also regenerated from Bulwark callus transformed with plasmid pAHC25, which all contained the bar and gus genes, however Southern blot analysis revealed that they were the same transformation event (data not shown). The four plants of Bullion and the 13 plants of Lexicon regenerated following transformation with pAHC25 were PCR negative for both the bar and gus transgenes. Transformation efficiencies of the four varieties varied from 0 to 0.40 (Table 1 ). Embryogenic calli of Melys were also co-transformed with two separate plasmids pUBA (carrying the bar gene driven by the maize ubiquitin promoter) and pACT1-F (carrying the gus gene driven by the rice actin promoter), or with pUBA and pJIT102 (carrying the gus gene driven by the CaMV35S promoter) or with pUBA and pJAN808 (carrying the gus gene driven by a wheat high molecular weight glutenin promoter) (Fig. 1) .
Forty-nine plants were regenerated from 17 PPT-resistant calli in the pUBA/pACT1-F co-transformation experiment, of which 14 gave rise to plants that were PCR + ve for the bar gene (Table 1) . As several transgenic plants arose from each PPT resistant callus, this raised the question of whether such plants were clonal, resulting from a unique transformation event, or represented several transformation events. In order to test this, DNA from 7 plants, which regenerated from a single callus, were digested with NotI, (which has a unique site in pACT1-F, Fig. 1) , and the Southern blots were hybridised with a gus probe. Figure 3 shows the integration pattern of this population (D10) and the presence of five distinct transformation events, which was confirmed using a XhoI digest (data not shown). As a result of this, Southern analysis was carried out on all regenerated plants and this revealed the existence of 25 independent transformation events. An average of five unique transformed plant lines was produced per bombarded plate and 96 % of the plants transformed with the bar gene were also co-transformed with the gus gene (Table 1) .
PCR analysis showed that 27 of the 34 regenerated plants were transformed with pUBA + pJIT102, corresponding to six unique transformation events, detected by Southern analysis, giving a transformation efficiency of 0.75 and a co-transformation frequency of 83 % (Table 1) . With pJAN808, 11 of the 23 regenerated plants were transformed with pUBA + pJAN808, giving 5 unique events and hence a transformation efficiency of 0.62 and a co-transformation frequency of 80 % for the two genes (Table 1 ). All transformation events in the latter two experiments were found to have originated from independent calli.
Integration of the transgenes in the genome
Undigested DNA of the three transformation events obtained with plasmid pAHC25 hybridised with the gus probe showed integration of the gene in the plant genome (Fig. 4 A) . The expected 1.6 kb bar fragment generated by the enzyme BglII was found only in the two plants PCR positive for the bar gene (Fig. 4 B, lanes 1 and 3) . As expected, no signal was detected with the bar probe in plant A78 (Fig. 4 B, lane 2) . When the same BglII digested DNA was hybridised with the gus probe, the expected 4.2 kb fragment was found in all three plants (Fig. 4 C) . The plants A40 (var Melys) and A1 (var Bulwark) also showed a large number of rearranged copies of both the gus and bar genes.
Southern blot analysis of five of the 25 plants co-transformed with pUBA + pACT1-F are shown in Figure 4 . Undigested DNA hybridised with a gus probe showed the presence of the gene in high molecular weight DNA, indicating that the gus gene is integrated in the plant genome (Fig. 4 D) . The same observation was made when a bar probe was hybridised to the same filter (data not shown). The restriction enzyme EcoRI used to digest the DNA gives a 1.5 kb fragment with bar and the integration pattern for gus (Fig. 1) . The expected bar fragment was found in the 25 co-transformation events. In all events except one (Fig. 4 E, lane 4) , other fragments of usually a larger size were present, indicating that rearrangements of the plasmid had occurred. The number of copies of the bar gene ranged from 3 to 17 events from plant to plant. Similarly, the number of copies of the gus gene ranged from 2 to more than 20 (Fig. 4 F and Fig. 3) .
Southern blot analysis for the gus gene of all plants transformed with pJAN808 revealed the existence of 5 events, the profile of one member of each line being presented in Fig.  5 A. The characteristic 2.2 kb gus fragment expected from an EcoRI/SalI digestion (Fig. 1 ) was observed in 2 lines and varied from approximately 2 to 4. This was confirmed in a second Southern (not shown), which gave characteristic 2.5 kb gus fragments (Fig. 1) on digestion with HindIII/BglII. All lines showed between 4 and 10 additional high or low molecular weight bands corresponding to rearranged copies of the gene (Fig. 5 A) . A similar analysis of the plants that regenerated from the pUBA/pJIT102 bombardment revealed the existence of five gus positive lines which showed a characteristic 1.9 kb BamHI (Fig. 1) gus fragment in only one line corresponding to approximately 2 intact copies (Fig. 5 B) . One plant proved to be negative for the gus gene (Fig. 5 B, lane  3) . A KpnI/BglII digest (not shown) of the five transformed plants also failed to show the characteristic 2.3 kb gus fragment ( Fig. 1 ) in these lines but revealed 6 to 14 rearranged copies of the gene in these lines.
Gene expression
The expression of the bar gene in the transformed plants was determined from PAT assays using the pH indicator chlorophenol red (Fig. 2 C) . All transformed plants except one plant from the pUBA/pACT1-F experiment displayed PAT expression (Table 2) . No expression was found in non-bombarded control plants or in eight PCR negative plants.
The expression of the gus gene was assayed histochemically, but very little expression of the Ubi promoter was found in the leaves of Melys A40 and Bulwark A1 plants transformed with pAHC25. On the rare occasions where expression was seen in these plants, it was limited to a few lines of cells (Fig. 2 D) . However, strong GUS expression was detected in the stamen and pollen of these plants, and a weaker expression in the stigma (Fig. 2 E -F) . No expression was detected in the roots, meristems, glumes, ovaries or seeds of these two plants. Plant A78, that lacked the bar gene, displayed sectored, but strong, GUS expression in the leaves (Fig. 2 G) . Leaf transverse sections showed either no expression in any of the cell types, or expression in all cell types except in epidermal cells, or expression in all cell types, reflecting the sectors observed (Fig. 2 L) . Strong expression was observed in roots (Fig. 2 H) , pollen grains and ovaries, but no expression was detected in the stigma (not shown). In the glumes, GUS expression was stronger in vascular tissues (Fig. 2 I) .
In the co-transformation experiments, more than 62 % of the transformation events containing the gus gene driven by the Act1 promoter showed GUS expression in the leaves (Table 2 and Fig. 2 G) . The actin promoter was also found to be active in all organs and tissues tested, except in vascular tissues and associated parenchyma of leaves (Fig. 2 M) , and a more complete characterisation of the cell and tissue distribution of expression conferred by this promoter will be published elsewhere.
Histochemical GUS assay of leaves, roots and florets of the six lines transformed with pJIT102 showed no expression of the 35S-gus gene in any of the lines.
Analysis of the five lines transformed with pJAN808 showed that the HMW glutenin-gus gene was not expressed in leaves, roots and florets, except in the glumes of one line (data not shown). Strong GUS expression was detected in the endosperm of mature seeds of three lines, and occasionally in the aleurone. No expression was observed in the embryo or in the outer seed envelope (Fig. 2 K) . Development of GUS expression was analysed in developing T 2 seeds. Twelve days after flowering (DAF), developing seeds of both lines showed a slight blue coloration in the endosperm alone or in both the endosperm and aleurone. Three days later GUS expression was very strong in the endosperm and the aleurone (Fig. 2 N) . No expression was detected in the embryo at any time. Expression remained strong thereafter.
Progeny analysis
The self-pollinated T 1 seeds of Melys (plant A40), having a high copy number of pAHC25, and the progeny of two Melys plants (D6-1 and D25-1) co-transformed with pUBA + pACT1-F with low copy numbers of bar and gus, were analysed.
The copy number of pAHC25 in plant A40 was estimated at 13 from Southern analysis (Fig. 4 B and C) . Hybridisation signals corresponding to the 4.2 kb gus fragment, indicating integration of an intact gus gene, were found in the parent and in all four progeny plants of A40. In addition, six other larger hybridisation fragments were observed (Fig. 6 A) . A Mendelian segregation ratio of 15 : 1 was observed in the progeny, indicating two sites for integration into the genome. However, no segregation of the two genes was detected in 90 T 1 seed screened (Table 3 ). The presence of two integration sites was confirmed by FISH analysis and the high insert size clearly established these sites to be in the A/D and C genomes ( Fig. 2 O and P) . The inheritance of gene expression varied from 80 to 90 % for gus and bar in the T 1 progeny of A40 (Table 4) .
Southern blot analysis of four transgenic progenies of plant D6-1 transformed with pUBA and pACT1-F showed identical hybridisation patterns as the parents and three integration sites for the gus gene, following restriction with EcoRI (Fig.  6 B) . A Mendelian segregation ratio of 3 : 1 was found in the progeny for each of the transgenes (Table 3) . No segregation of the gus gene from the bar gene was observed, indicating that the two unlinked genes integrated into the genome at the same site. This was confirmed by FISH analysis, and has been reported in detail elsewhere, together with FISH and Southern analysis of progeny of a high copy number line (D1-3) co-transformed with pUBA and pACT1-F (Leggett et al. 2000) . Although gus expression was detected in the pollen of T o plant D25-1 (data not shown), the transgenes were found in only one T 1 plant out of 35. A Southern blot analysis showed this plant to be the progeny of plant D25-1, not a contamination (data not shown). The inheritance of gene expression of gus and bar in the progeny of D6-1 paralleled the transmission frequency, with all progeny inheriting the two genes showing expression (Table 4 ). The inheritance of gus expression in T 1 seed from 3 of the 5 plants transformed with pJAN808 (HMWG-gus) expressing gus in the endosperm was also determined and ranged from 33 to 83 % (Table 3) .
Discussion
Embryogenic callus from four oat varieties, Melys (a spring husked variety), Bullion (a spring naked variety), Bulwark (a winter husked variety) and Lexicon (a winter naked variety), was transformed with the co-integration vector pAHC25, which contains both the bar and gus gene under control of the maize ubiquitin promoter, and to our knowledge, this is the first report of transformation of winter or naked oat commercial varieties. Furthermore, production of transgenic Melys plants at high frequency extends the list of transformable commercial spring oat varieties, increasing the flexibility for manipulation of agronomic traits in this cereal. Transgenic plants of Melys and Bulwark were regenerated using pAHC25, albeit at low frequency. The absence of regeneration of transgenic plants from Bullion and Lexicon could be attributed to the choice of plasmid construct. Indeed, Melys plant A78, which showed a simple integration pattern for the gus gene, but lacked the bar gene, expressed gus in the leaves and other organs, while plants A40 (Melys) and A1 (Bulwark), which showed complex integration patterns with high copy numbers and transgene rearrangements, displayed expression of the bar gene coupled with poor expression of the gus gene in the leaves. These differences in the expression patterns of the ubiquitin promoter may indicate trans-inactivation between the ubiquitin promoters driving the two transgenes in plants A40 and A1, as reported by Yao et al. (1997) in barley transformed with the same construct, particularly as these plants showed complex integration patterns with high copy numbers and transgene rearrangements. Similarly, Zhang et al. (1999) reported loss of gus gene expression in some oat lines co-transformed with pAHC20 + pAHC15 (ubi-bar + ubi-gus) but not with pDM803 (ubi-bar-actin-gus). Yao et al. (1997) rejected the hypothesis of methylation of the promoter, as the same promoter drives the two genes in pAHC25 and hence should have the same sensitivity to methylation. This trans-inactivation could also affect the activity of the bar gene, which would result in fewer PPT resistant callus lines and therefore account for the low transformation efficiency obtained with this plasmid in all four varieties. This hypothesis is supported by the higher transformation frequencies obtained in the co-transformation experiments, where two different promoters were used to drive the transgenes, than in the co-integration experiments. Calculation of transformation frequencies in the literature is usually based on the number of transformed plants or the number of calli that produce transformed plants. This assumes that all plants that regenerate from a transformed callus arise from a single transformed cell, and therefore are identical. Although in most cases plants that regenerate from a single callus arise from a single transformation event, we have demonstrated that the occurrence of several transformation events amongst plants that regenerated from a same callus is frequent. Similar findings were reported in rice (Qu et al. 1996) , barley (Wan and Lemaux 1994) and maize (Spencer et al. 1992) . As a result, transformation efficiency of experiment pUBA/pACT1-F expressed as the number of transformation events per plate was twice as high as the transformation efficiency expressed as the number of calli regenerating transformed plants per plate (Table 1) . Such high difference illustrates how transformation rates can be underestimated when the true number of transformation events is not taken into account. Furthermore, thorough identification of all transformation events would maximise chances of identifying plants with low transgene copy number and high, stable transgene expression, which are desirable characteristics for the production of agronomically improved transgenic varieties. When expressed as the number of transformed calli regenerating plants, the transformation efficiencies we report here in the co-transformation experiments (0.6 -2.8) are comparable to those reported by Somers et al. (1992) from immature embryo callus or suspension cultures (0.7), by Zhang et al. (1999) using shoot meristem cultures (0.6-1.3), by Gless et al. (1998) from isolated leaf bases (1.0) and by Cho et al. (1999) from highly regenerative seed derived callus (5).
The number of copies of the selectable and reporter genes, varied from two to twenty and numerous rearrangements were observed. All copies of the genes were integrated in one or two sites as seen from the progeny analysis and no segregation of the reporter gene from the selectable gene was observed in the progenies of the three co-transformed plants analysed. High copy numbers at one integration site which co-segregate in subsequent generations are proving to be typical of plants transformed via particle bombardment or other direct gene transfer method (Pawlowski and Somers 1996) , although there have been reports of integration of transgenes at different and segregating sites (Ishida et al. 1996 , Spencer et al. 1992 , and associations of transgene integration sites with chromosome rearrangements have been reported in hexaploid oats (Svitashev et al. 2000) .
The complex integration patterns were conserved in the T 1 progeny of the two plants analysed by Southern blot, indicating that no rearrangements occurred in either plant during meiosis. One of the co-transformed plants analysed (Melys D25-1) poorly transmitted the transgenes to its progeny. Aragao et al. (1996) made similar observations in co-transformed bean, where 44 % of the plants did not transmit the transgenes at all, and 2 plants showed a poor transmission of 1 : 10. As they suggested, poor transmission could be due to chimerism in the original plant or to functional disruption of an essential gene required in ovule fecundity or development. The latter is the most probable cause of poor transmission in D25-1 as the only T1 progeny plant obtained was sterile. High rates of transgene silencing in primary transformants or T1 progeny were not apparent, although irregular patterns of transgene silencing in allohexaploid oat has been reported previously .
Two GUS expression patterns were observed amongst the three plants transformed with the ubi-bar-ubi-gus construct (pAHC25), one of which, as discussed above, might be the result of trans-inactivation between the two promoters. However, considering the two patterns together, it can be proposed that the maize ubiquitin 1 promoter confers constitutive expression in oat. Indeed, GUS expression was observed in leaves (all cell types), roots, glumes, pollen, stamen, ovary and stigma, which confirms previous reports of ubiquitin promoter activity in oat , Kaeppler et al. 2000 . While the promoter was found to be active in meristems and seeds of ubi-gfp transformed oat plants (Kaeppler et al. 2000) , we did not detect GUS activity in these tissues, most likely because of the small number of plants analysed.
The actin 1 promoter regulating the gus gene in plants cotransformed with pUBA + pACT1-F was found to be active in all the tissues and organs tested Gless et al. (1998) found that this promoter was expressed either in leaves and pollen, or in the anther, ovary and stigma but not in leaves, in different transformation events, in oats transformed with the co-integration vector pDB1 containing an actin-gus-CaMV35S-bar cassette.
No activity for the CaMV35S promoter was observed in plants transformed with pJIT102, but the majority of transformants appeared to lack intact copies of the gene. have previously reported constitutive activity of the duplicated 35S promoter (D35S) when driving the gus gene with high levels of expression in the ovary and floral bracts, but the GUS activity in leaves was relatively weak compared with the activity reported in rice leaves for the single 35S promoter (Battraw and Hall 1990) . Furthermore, the single 35S promoter was found to be ten-fold weaker than the D35S promoter in tobacco (Kay et al. 1987) . Therefore it is likely that the activity of the 35S promoter in oat is too low to be detected by the histochemical assay.
High molecular weight glutenin, a wheat seed storage protein (prolamin), is synthesised during endosperm development and account for about 5 % of the total seed proteins at maturity. The regulatory sequences of the HMW subunit gene Glu-1D-1, which encodes the HMW glutenin subunit 1Dx5, fused to the gus gene showed expression exclusively in the endosperm and aleurone of transgenic oat seeds. In transgenic tobacco (Halford et al. 1989 ) and wheat (Lamacchia et al. 2001) , however, the activity of this promoter has been found to be restricted to the endosperm. Development of GUS expression was first observed 12 days after flowering in developing oat seeds, and reached high levels within three days, as was reported in tobacco and wheat. The expression observed in the glumes of line HG10 might be due to a position effect of the transgene which could have inserted next to a gene specifically active in the glumes. Seed-specific promoters have not been used before in oat biotechnology, but the suitability of the Glu1D-1 promoter of wheat for expression of foreign genes in oat seeds illuminates the prospect of using genetics to alter the development, structure or composition of the oat grain.
